The structure of long filament of DNA-RecA protein complex, active in homologous recombination, has been assessed using linear dichroism (LD) spectroscopy. The angular orientation of the DNA nucleobases relative to the fibre axis was estimated to be 70 degrees from the unique LD band of etheno-modified poly(dA) at 320 nm. Angular orientation data for 2 tryptophan and 7 tyrosine residues of RecA were deduced from differential LD of wild type RecA versus modified proteins which were engineered to attenuate the UV absorption of selected residues. The results revealed a rotation by some 40 degrees of the RecA subunits relative to the arrangement in crystal without DNA. Conformational changes are also indicated for tyrosine residues assigned to be involved in DNA binding or in RecA-RecA contacts.
INTRODUCTION
RecA protein molecules assemble into a long helical filament around a single-stranded DNA for the homologous recombination (1) . The 3-D structure of RecA alone has been determined by X-ray crystallography (2) . RecA molecules in the crystal are also organised in a helical filament, but electron microscopy and neutron scattering studies indicate that the structure of the filament in the crystal differs from that of the active filament with DNA and ATP regarding helical pitch and diameter (3). There should be some change in arrangement of RecA subunits in the filament upon DNA binding. We have used linear dichroism (LD) polarised light spectroscopy to gain structural information of the complex filament. The basic principle of LD is that absorption is maximum when the light polarisation is parallel to the transition moment of chromophore, i.e., the molecular "antenna" responsible for the interaction with the radiation field. Measurement of LD defined as the absorption differential between orthogonal polarisations, can thus provide information about the angles, a, between the respective transition moments and the orientation direction of the sample with a relation LD/Abs/S = 3/2 (3 cos 2 a -1) where Abs is isotropic absorbance and S an orientation factor (4). To assess the 3-D structure of the active complex, we have determined, by this technique, angular orientations of all the chromophores (DNA bases, tryptophan and tyrosine residues of RecA) in the complex. The filamentous RecA-DNA complex was flow-oriented in a Couette cell for LD measurements. The degree of orientation, S, was estimated from anisotropic scattering of neutrons on the oriented sample. To extract structural information for each chromophore in the complex from the overall LD signal, we used chemically modified DNA (poly(deA)) and engineered proteins which differ in optical character from the unmodified DNA and protein.
RESULTS and DISCUSSION
The RecA-poly(dsA)-ATPyS complex exhibited negative LD bands at 320 and 250 nm and a positive band around 285 nm (Fig. 1) . Since only etheno bases of DNA absorb light at 320 nm, this signal was used to determine the angular orientation of the DNA bases relative to the filament axis. It was estimated to be about 70 degrees. To gain information about angular orientation of aromatic residues of RecA, we prepared 9 modified proteins in which one of the tryptophan residues was replaced with a histidine or one of tyrosine residues with a phenylalanine. These replacements with a structurally similar residue appeared not to affect the structure of the filament as all the modified proteins exhibited DNAdependent ATPase activity like the wild type RecA. Since histidine and phenylalanine are, compared to the tryptophan and tyrosine, practically transparent in the near UV region, the differential LD between wild-type and engineered complex will to a good approximation be the pure LD spectrum of the respective substituted residue. Two examples of LD spectra of DNA complexes with modified RecA proteins are displayed in Fig. la after normalisation with respect to the LD signal from poly(deA) absorption at 320-350 nm. The differential spectra ("Site-Specific LD", SSLD) centred at 280 and 230 Wavelength (nm) Fig. 1 . LD spectra of wild-type and modified protein complexes with poly(deA) and SSLD spectra of tryptophan and tyrosine residues a: LD spectra of RecA complexes with poly(deA) presented after normalisation with respect to LD intensity (set to-1) at 320-350 nm. b: SSLD spectra of each tryptophan and tyrosine residues computed by subtraction: (LD of wild-type RecA complex) -(LD of modified RecA complex).
nm (Fig. lb) , correspond well to the LD expected for the tryptophan and tyrosine chromophores, respectively. The orientations of the transition moments of all the studied tryptophan and tyrosine residues were assessed and were found to reveal significant deviation from those of the crystal structure of RecA (Table I) . The deviations could be due to changes in local conformation of these residues upon interaction with DNA and/or a change in orientation of the whole RecA unit in the filament. In the latter case, we expect a concerted rotation of residues relative to their orientations in RecA in the crystal structure. The analysis shows that the changes in orientation of residues, which are not involved in the DNA-binding, can be explained by concerted Transition moment rotation of RecA subunits by approximately 40 degrees. By contrast, the changes of residues which are involved in the DNA binding (Tyrl03, Tyr65) cannot solely be explained by this global rotation. Their local rotations are instead most likely related to changes in local conformation of RecA. A model built using these data shows that the proposed regions for DNA binding appear rather clustered near the centre of the active filament structure while these regions are not significantly clustered in the crystal filament.
